The disinfection characteristics of an open channel ultra-violet (UV) disinfection reactor is investigated numerically. The computational fluid dynamics (CFD) model used in this study is based on the volume of fluid (VOF) method to capture the water-air interface. The Lagrangian particle tracking method is used to calculate the microbial particle trajectory and the discrete ordinate (DO) model is used to calculate the UV intensity field inside the reactor. A commercial CFD software package ANSYS FLUENT is used to solve the governing equations. Custom user defined functions A parametric study is performed to understand the effects of different parameters on disinfection performance of the reactor. The low/high dosed particle trajectories, which can provide an insight for hydraulic and optical characteristics of the reactor for possible design improvements, are identified. 
INTRODUCTION
Ultra-violet (UV) light has been used extensively for disinfecting both drinking and wastewater containing microbial species. Unlike chlorination and ozonation, disinfecting water using UV light is a green technology as no hazardous oxidation by-products are produced (Oppenheimer et al. ) . It is also an effective disinfectant for some pathogens like spore forming Cryptospordium and Giardia lamblia, which are relatively resistant to chemical disinfection (Linden et al. ) . Before the UV disinfection reactor can be put into operation, its inactivation performance should be evaluated. Quantification of the inactivation credit of a reactor is important also for investigating possible design modifications to achieve improvements in dose distributions. considering all the geometric details, including lamp support, cleaning system, and the inlet and outlet reservoirs (Peng et al. ) .
In this study, the geometry of the reactor was simplified to reduce the computational cost, and the predictions for this simplified reactor were compared with those from the more complex one. Once validated, the main benefit of this simplified geometry is that it can easily be used for analyzing different configurations of the lamp banks and other theoretical and parametric studies. Therefore, a parametric study of the UV reactor was performed to understand the effects of operating parameters such as water flow rate and UV transmittance (UVT). The effect of UV sensitivity of the microbes to be treated on the disinfection performance of the reactor was also investigated.
A post-processor was developed in MATLAB to implement the inactivation kinetics of the microbes. This post-processor was used to calculate the log removal and reduction equivalent dose (RED) values of the reactor based on the first order inactivation kinetics. The particle trajectories that are receiving low dosage leading to the poor performance of the reactors were identified. The low dose trajectories were visualized separately in ANSYS CFD-post program to understand the reactor performance, which can help in the decision-making and eventually lead to better reactor design for dose improvement for the target microbes.
CONFIGURATION OF THE UV REACTOR
The 
MODEL DESCRIPTION
The computational model is divided into four parts. The first part deals with resolving the free surface characteristics in a typical turbulent open channel flow. The second part deals with resolving the microbial particle trajectories within the reactor. The third part resolves the UV intensity field within the reactor. The final part implements the inactivation kinetics on each microbial particle to calculate the overall log inactivation achievable in the reactor and calculate the RED value of the reactor.
Water-air interface
One way of modeling the open channel reactor is to approximate the free-surface as a flat wall with slip boundary condition (single phase approach). However, in that case, significant information is lost as the surface waviness modifies the particle trajectory which leads to modifi- 
where α w , ρ w , and v w are the volume fraction, density, and the velocity of water, respectively. This equation was solved with the constraint that the summation of the volume fraction of water and air should be unity. A single set of momentum equations for the mixture of water and air was solved as
Equation (2) The Reynolds stress term τ in Equation (2) 
where the turbulent viscosity μ t ¼ ρC μ (k 2 /ϵ), k is the turbulent kinetic energy, ϵ is the dissipation rate of the turbulent kinetic energy, G k is the production of turbulent kinetic energy due to the mean velocity gradients. Moreover, it prevents the solution divergence when the calculated turbulent viscosity within the viscous sublayer is not the same as that calculated in the fully turbulent region by blending the formulation for turbulent viscosity (ANSYS FLUENT Theory Guide ).
Microbial particle trajectory
The microbes were modeled as spherical particles having an average of 1 micron diameter. The density of the particles was taken to be the same as the density of water, which is based on the fact that most of the microbes have almost 70% or more water content in them. The trajectories of the microbial particles were calculated by integrating the force balance on the particles in a Lagrangian frame of reference. The force balance in x direction can be expressed as
where d p is the particle diameter and Re is the relative Reynolds number based on particle diameter and the relative velocity of water and particles. C D is the drag force coefficient for spherical particles and is expressed as
where a 1 , a 2 , a 3 are constants, given by Morsi & Alexander (). The turbulent dispersion of the particles was included using a stochastic tracking (random walk) model. The particle trajectories were calculated based on the instantaneous fluid velocity instead of the mean velocity. The fluctuating component of the velocity was calculated using the discrete random walk model, which randomly assigns the velocity based on the characteristic life time of the eddy and the integral time scale of the Lagrangian particles. By computing the trajectory for a sufficient number of representative particles, the random effects of turbulence on the particle dispersion can be accounted for. To maintain statistical significance of the particle trajectories and the dose values on them, around 75,000 particles were tracked at each simulation.
UV intensity field
The UV intensity field was resolved using the discrete ordinate (DO) model, where the radiant energy is conserved by solving a radiative transfer equation (RTE) at every control volume for a finite number of direction vectors (solid angles). The number of RTE is increased with the number of discrete solid angles used. The radiation intensity depends on the spatial coordinates, direction vectors, and the radiation frequency. However, in this work, the frequency dependence was ignored as the low pressure UV lamps are fairly monochromatic. The RTE for a non-gray radiation is expressed as
where I is the radiation intensity,r is the position vector,s is the direction vector and s ! 0 is the scattering direction vector, 
Inactivation kinetics
The dose-response relationship of the microbial species was considered to be of the first order, which can be expressed mathematically as
where N is the number of potent microbes at any instant, I is the radiation intensity, t is the time of exposure, and c is the sensitivity of the microbes. The multiplication of the radiation intensity with time is termed as Dose [mJ/cm 2 ]. The solution of Equation (8) is
In Equation (9) order dose-response relationship, the expression for the RED can be mathematically expressed as (Dong )
where P(D) is a weighting function, which accounts for the probability of a microbe getting a dose value of D. In the numerical model considered in this study, this P(D) represents the number of microbial particles getting dose in a distinct dose interval. The above integral was evaluated by numerically averaging the survival fractions (10
for all the particles and then calculating the log inactivation from that. It should be noted here that the probability of occurrence P(D) is taken into account while taking the arithmetic average of survival fractions of all the tracked particles.
The higher probability region of dose histogram typically would have more numbers of tracked particles, thus, the survival fraction or inactivation value in that region gets more weight during summation. To calculate the RED, the corresponding dose value for the average log inactivation was found from the dose-response curve.
GRID GENERATION
The computational domain was discretized with all hexahedral elements. A multiblock structured mesh was generated using ANSYS ICEM software and then converted to unstructured mesh to read into ANSYS FLUENT. Although hexahedral elements are difficult to generate for complex geometries, in this study this element type was chosen because of its several benefits: (1) it provides good convergence behavior with less number of elements compared to unstructured tetrahedral, prismatic or pyramidal elements; (2) it shows good grid sensitivity behavior; (3) element skewness is low for high aspect ratio elements near the walls because of the wall function requirements in the turbulence models; and (4) less discretization error (numerical diffusion) due to the body fitted grid near the curved surfaces and the cells aligned with the mean flow direction (ANSYS FLUENT Theory Guide ). Mesh density is high near the expected free surface region to better capture the fluid flow aspects near the free surface, and is high around the lamp region due to the exponential decay of UV intensity field.
BOUNDARY CONDITIONS AND NUMERICAL SOLUTION TECHNIQUE
To represent the inlet sluice gate, the upper half of the inlet section was specified a wall boundary condition and the lower half section was set as a velocity inlet boundary condition.
The height of the lower half is taken to be the same as the expected free surface height in the reactor, which is 0.6096 m. A pressure outlet boundary condition was implemented in the outlet of the reactor. The left and right boundaries were considered to be walls as in real applications.
The top boundary was also considered to be a pressure outlet boundary condition with atmospheric pressure specified there.
The turbulent intensity at the reactor inlet and the hydraulic diameter were specified. Since this is an internal flow, the importance of the value for the turbulent intensity at the inlet is not critical as most of the turbulence will be generated internally within the flow field. Considering the Reynolds number based on the hydraulic diameter of the reactor inlet is in the order of 10 5 , the turbulence intensity at the inlet is specified to be 2%.
A segregated solver algorithm was used for pressure-velocity coupling for solving the governing equations since the flow is incompressible. An implicit discretization method was used for time discretization of the volume fraction 
GRID INDEPENDENT TEST
A grid sensitivity analysis was performed using different mesh element numbers. The free surface height was chosen for this sensitivity analysis for two reasons: (1) A grid sensitivity test was also performed for the number of representative particles used for the microorganisms.
Number of particles ranging from 2,500 to 10,000 and number of tries ranging from 1 to 8 were used for a reactor with flow rate 4,535 gpm and water UVT 60%/cm. As shown in Figure 5 , the log removal is quite insensitive to the number of particles at this range. However, 10,000 particles were used for obtaining all the results reported here.
CFD MODEL VALIDATION
To validate the CFD model used in this work, the normalized free surface profile from the numerical simulation was compared with the experimental data for a full size reactor with all the geometrical details of a typical horizontal type open channel reactor (Peng et al. ) . The comparison is shown in Figure 6 . It is worth noting that, although the geometry of the reactor used for the CFD simulations is considerably simplified, the predicted free surface profile matches quite well with the experimental data from the reactor having all the typical geometric features such as lamp supports and cleaning rods. The calculated log inactivation values were not compared with the experimental data because of the unavailability of the biological dosimetry data for this reactor.
EFFECT OF FLOW RATE ON THE FREE SURFACE PROFILE
A parametric study was carried out to understand the effect of different operation parameters on the reactor 
EFFECT OF FLOW RATE AND UV SENSITIVITY ON THE DISINFECTION PERFORMANCE
The velocity of the fluid has significant impact on the disinfection performance of the reactor. The log removal is also dependent on the UV sensitivity of the microbes. Therefore, the effects of flow rate and different microbial species on the reactor disinfection performance need to be investigated. In this study, UVT value of 60 (%/cm) is considered since the secondary effluent in wastewater treatment plants usually has UVT value in the range of 45 to 70 (%/cm) (Asano ). Figure 9 shows the achievable log removal and RED from the reactor under different flow rates and different microbial species in terms of different d10 values. It can be easily noticed that for the lower flow rate the log removal is always higher than that at the higher flow rate since a lower fluid velocity results in an increase in the residence time of the microbes. This increased residence time leads to increased UV dose for the microbes and consequently higher log removal. The achievable log removal decreases with the increase in d10. This is due to the fact that the microbes are much more resistant to the UV radiation if they have a high d10 value (dosage required for 1 log removal). The RED value increases with the d10 value since higher dosages are required to achieve the same log removal for microbes with high d10 values. It can be noticed that the difference in log removal between the high flow rate and low flow rate decreases with the increase in the d10 value. This can be explained using the probability density function (PDF) of the dosage, which illustrates its distribution on the particles, as shown in Figure 10 . It can be observed that the probabilistic peak occurs at around 5 and 25 mJ/cm 2 dose values for high and low flow rates, respectively. This is expected, as the mean dose on the particles should be higher in the low flow rate case because of higher residence time. This higher peak dose value for the low flow rate case suggests that highly UV sensitive microbes (i.e., having low d10 values) will be exposed to higher dose compared to the high flow rate case. This will result in higher log removal for the highly UV sensitive microbes in low flow rate. From the PDFs, it is also observed that for the low flow rate condition the probability of occurrence at the low dose region is qualitatively different from that in high flow rate. This will also affect the log removal for highly sensitive microbes as they are much affected by the low dose region of the PDF. The 
EFFECT OF WATER UVT ON THE DISINFECTION PERFORMANCE
As expected, the UVT of the water has significant impact on the disinfection performance of the reactor. The achievable log removal from the reactor increases with the increase in the water UVT. Figure 13 shows the log removal values for three different UVT values which are typical in wastewater treatment plants. It can be noticed that the log removal increases with the UVT. It can also be noticed that the gap between the log removal curves at different UVT decreases with the increase in d10 values of the microbes for both high and low flow rates. This suggests that the improvement of the disinfection performance of the reactor for highly UV insensitive microbes will not be significant when improving the optical properties of the water. This is mainly due to the fact that the UV intensity decreases exponentially from the lamp sleeves, as shown in Figure 14 . Highly UV insensitive microbes are probably disinfected in the region very close to the lamps. Increasing the UVT of the water extends this particular disinfection region only slightly, thus leading to little improvement of the disinfection process for the microbes having high d10
values. Therefore, increasing the optical qualities of the water will not suffice to improve the disinfection performance for highly UV insensitive microbes. The distance between the lamps and between the lamp and the channel wall needs to be reduced in order to improve the disinfection performance for highly insensitive microbes, which will cause higher pressure drop.
VISUALIZATION OF THE UV RADIATION INTENSITY DISTRIBUTION AND PARTICLE DOSES
Effective visualization techniques were developed to identify the low dosed particles within the domain. The trajectories of particles having dose value less than 30 (mJ/cm 2 ) are plotted in Figure 15 . This numerical value was randomly chosen for a particular disinfection process to separate out particle trajectories and should not be taken as an indication of low dose. Low dosed particles are the reason for poor disinfection performance of the reactor. A qualitative idea of the whole disinfection process within the reactor can be seen from this figure. To identify The model was validated against the available experimental data. A parametric study was performed to understand the influence of different parameters on the reactor disinfection performance. It was found that the decrease in the flow velocity improves the disinfection performance in two ways: (1) increasing the overall residence time and (2) increasing residence time for microbes traveling near the lamps due to the thicker boundary layer around the lamp when the flow velocity is low. Decreasing the distance between the lamps is a more effective way to improve the disinfection performance for the highly UV insensitive microbes than improving the UVT.
The proposed CFD model can be used to study the disinfection performance of open channel reactors under different operation conditions. Effective visualization techniques were developed which could be utilized to plot the low dosed particles within the reactor, which will be useful in the decision-making of the design process to improve the dose distribution of the reactor.
